To identify long-distance transport durations compatible with acceptable animal welfare, the aim of this study was to determine the responses of healthy sheep to road transport under good conditions for 12, 30, or 48 h. Merino ewes (n = 120; 46.9 ± 0.39 kg) were allocated to road transport treatments of 12, 30, or 48 h, with 2 replicates per treatment. Blood and urine samples and BW were taken pretransport and at 0, 24, 48, and 72 h posttransport. Lying time was measured using data loggers. Increasing transport durations resulted in reduced (P < 0.001) BW and increased (P < 0.05) hemoconcentration, but these effects did not exceed clinically normal ranges for any transport duration, and sheep generally recovered to pretransport values within 72 h posttransport. Sheep transported for 30 and 48 h had less BW on arrival than sheep transported for 12 h (P < 0.001). There were no differences (P > 0.05) between the 12-and 30-h treatments in sheep BW at 24, 48, or 72 h after arrival. Sheep transported for 30 and 48 h had greater total plasma protein concentrations on arrival than sheep transported for 12 h (P < 0.001). Although the white cell count and neutrophil:lymphocyte ratio increased with transport, there were no consistent effects of transport duration. There were also no effects (P = 0.10) of transport duration on plasma cortisol concentrations. There were no treatment differences (P > 0.05) in lying times during the first 18 h after arrival. Sheep transported for 30 or 48 h lay down less (P < 0.05) than sheep transported for 12 h between 18 and 24 h after arrival, but there were no other differences over 72 h. These findings indicate that healthy adult sheep, transported under good conditions, can tolerate transport durations of up to 48 h without undue compromise to their welfare.
INTRODUCTION
Because of the extensive nature of livestock production, there is frequently a need to truck animals to central collection points for sale, finishing, or slaughter. The handling, confinement, and novelty of road transport can be stressful for livestock (Grandin, 1997) . The impact of transport on livestock is influenced by the experience and condition of the animals, the nature of the journey, and the duration of transport. In sheep, published research has examined the effects of transport durations of up to 24 h (Knowles et al., 1994 (Knowles et al., , 1995 (Knowles et al., , 1996 ; however, few data exist for greater durations.
After the initial psychological stressors of loading and the transport environment, increasing the transport duration may challenge animal well-being through fatigue, dehydration, and metabolic compromise. In a study in which 38-kg sheep were transported by truck for 3, 9, 15, 18, or 24 h, metabolic and hydration measurements indicated that the sheep transported for 24 h were not clinically dehydrated or metabolically compromised, and behavioral observations suggested that the sheep had adapted to the journey conditions by 9 h after commencement (Knowles et al., 1995) . Similar findings were recorded by Knowles et al. (1994) , with 36-kg sheep transported for 18 and 24 h.
It is known that healthy, untransported sheep can tolerate feed and water withdrawal periods of up to 2 to 3 d (Cole, 1995) . Furthermore, sheep may be transported for longer than 24 h in several production environments and jurisdictions, including Canada and Australia (Department of Justice Canada, 1990; Department of Primary Industries, 2002; Department of Local Government and Regional Development Western Australia, 2003) . Accordingly, the aim of this study was to determine the responses of healthy sheep to road transport under conditions constituting recognized good practice in animal handling and management for 12, 30, or 48 h. Specifically, our objective was to identify the maximum journey time that was compatible with acceptable animal welfare.
MATERIALS AND METHODS
The experiment was approved by the Animal Ethics Committee of the CSIRO Livestock Industries FD McMaster Laboratory under the New South Wales, Australia, Animal Research Act 1985.
Animals and Treatments
The study used 120 Merino ewes (46.9 ± 0.39 kg; mean ± SE) in good condition as the focal animals on which detailed measurements were conducted. The ewes were 4 to 5 yr of age and were sourced from the CSIRO FD McMaster farm (Armidale, New South Wales, Australia), where they were grazed at pasture consisting of annual ryegrass. Two weeks before experimentation commenced, the ewes were weighed and allocated to 1 of 6 transport event groups. There were 3 treatments with 2 replicates. The treatments were 12, 30, or 48 h of road transport, and the replicates were conducted 1 wk apart. Each week, transport journeys within replicate were commenced so that all vehicles arrived on the same day. Specifically, the 48-h vehicles departed at 1630 h to arrive at 1630 h 2 d later, the 30-h vehicles departed at 0830 h to arrive at 1430 h the next day, and the 12-h vehicles departed at 1930 h to arrive at 0730 h.
The 120 focal animals were used only once, within a single transport event (treatment × replicate combination). To conduct the experiment under typical transport conditions, an additional 1,490 sheep were used as "filler" animals to have a full vehicle load of sheep. These filler sheep were mature Merino and Merino × Romney ewes and wethers, with mean flock BW of 31 to 51 kg, and thus were of a size similar to the focal animals. The focal and filler sheep for each journey were mixed and grazed as journey groups for 2 wk before each journey. Immediately before each journey, the sheep were brought in from pasture, and the focal animals were sampled and fitted with instrumentation. To complete one truckload in the second replicate, a few of the filler sheep were reused.
The transport vehicles were commercial sheep transport semitrailers fitted with identical stock crates comprising 4 decks and 4 sheep pens per deck (Byrne Ltd., Wagga Wagga, Australia). The stock crate had ribbed metal floors and was not covered with bedding. Each truck was fitted with a global positioning system logger (GPS 60, Garmin International, Olathe, KS), to ensure quality control of the journey distance and route, and a temperature and humidity logger (iButton DS1923, Maxim Integrated Products, Dallas, TX), which was located within the stock crate. The temperature and humidity data were used to derive the temperaturehumidity index (THI), based on the formula of West (1994) . The journeys were completed during mild climatic conditions, in terms of the THI heat-stress thresholds defined by Silanikove (2000) , and data from the temperature and humidity loggers on board the vehicles showed that vehicle THI did not increase above the heat-stress threshold of 79 at any stage. There was no access to feed or water on board the vehicle.
Each vehicle was loaded with approximately 350 to 450 animals, including the 20 focal animals. The sheep were loaded so that the distribution of focal animals across pens was the same for each journey and so that the stocking density was consistent for the BW of the sheep being loaded (0.22 m 2 /40-kg sheep; 0.25 m 2 /50-kg sheep). The pen dimensions were 2.4 × 3 m, and 4 decks with 3 pens were filled on each deck per vehicle. There were 2 focal animals in each of the front 2 pens on each deck and 1 focal animal on the most rearward pen used in each deck. The sheep were transported over a circuit of approximately 5.5 h driving duration, consisting of a mixture of highway and secondary roads. During transport, the sheep were checked every 2 to 3 h by the driver, and driver breaks were taken in accordance with standard commercial practice.
At the conclusion of each journey, the sheep were immediately unloaded and the focal animals were separated and sampled. The focal animals then remained as a journey group and were held in yards with access to good-quality pasture hay and water for a further 72 h before being returned to pasture.
Blood Sampling and Biochemical Measurements
Each of the focal animals was weighed and blood was sampled immediately pretransport, on arrival, and at 24, 48, and 72 h posttransport. Blood was collected by jugular venipuncture into evacuated tubes by experienced and skilled operators. Each sheep was sampled in less than 1 min to minimize handling stress affecting the results. Blood was collected into a 6-mL EDTA (BD, North Ryde, New South Wales, Australia) tube and a 9-mL serum separator tube. An aliquot of whole blood was analyzed for hemoglobin, red cell count, hematocrit, white blood cell count, and differential cell counts of neutrophils, lymphocytes, monocytes, eosinophils, and basophils, using a hematology autoanalyzer (Cell-Dyn 3500R, Abbott Diagnostics, CA).
Whole blood and serum were centrifuged at 4°C and 2,800 × g for 15 min, and the resultant plasma and serum were stored at −20°C until blood chemistry analysis. The concentrations of cortisol, blood urea nitrogen (BUN), total plasma protein, albumin, creatine kinase, β-hydroxybutyrate, and haptoglobin were determined on the plasma samples, and osmolality was determined on the serum samples. Cortisol was determined using RIA (Spectria Cortisol, Orion Diagnostica, Finland), adapted and validated for ovine plasma (Paull et al., 2007) . The intraassay CV for samples containing 170.6, 86.0, and 34.7 nmol/L of cortisol, respectively, were 13.1, 11.3, and 13.2%. The interassay CV for the same samples were 9.6, 2.3, and 8.1%, respectively. The sensitivity of the assay was 10 nmol/L. Blood urea nitrogen, albumin, β-hydroxybutyrate, creatine kinase, and total plasma protein concentrations were determined using a biochemical autoanalyzer (AU400, Olympus, Tokyo, Japan). Serum osmolality was measured using a vapor pressure osmometer (Wescor 5500 XR, Labequip, Markham, Ontario, Canada). The acute phase protein haptoglobin was determined by a variation of the method of Jones and Mould (1984) . The assay was modified to account for the effect of free hemoglobin attributable to hemolysis (Slocombe and Colditz, 2005) .
Urine Sampling and Measurement
Urine was collected immediately pretransport, on arrival, and at 24, 48, and 72 h posttransport by insertion of a urinary catheter into the bladder. A small amount of local anesthetic gel (lidocaine hydrochloride, 20 mg/g, Xylocaine Jelly, AstraZeneca, North Ryde, New South Wales, Australia) was placed on the tip of the catheter to minimize discomfort on insertion in the urethra. Urine (3 to 4 mL) was withdrawn by syringe and transferred to sterile 5-mL containers.
Urine specific gravity (SG) was measured within 24 h, using a veterinary refractometer (DLC Australia Ltd., Caboolture, Queensland, Australia).
Behavior
During the sampling period immediately before transport, 8 of the 20 focal sheep for each journey were fitted with a behavior logging device (IceTag, IceRobotics, Midlothian, UK). The loggers contain accelerometers to capture motion in 3 dimensions. Before the transport study, the loggers were tested on sheep and validated against behavioral data collected via video camera. A strong correlation was observed. The 8 focal animals were placed in each of the 2 pens farthest forward on each of the 4 decks of the vehicle (i.e., 1 animal per pen). The behavior loggers were placed in a canvas sock, which was secured to the right foreleg of each animal. The loggers recorded whether the animal was lying, standing, or active (walking or moving), with measurements recorded every second. The loggers were removed 72 h after arrival, and animal lying times were calculated over 3-h periods for the first 24 h after arrival and for 0 to 24 h, 24 to 48 h, and 48 to 72 h after arrival. Lying time during the journey was also recorded when it occurred.
Statistical Analyses
Data relating to creatine kinase, cortisol, BUN, white blood cell count, neutrophils, monocytes, eosinophils, basophils, and the neutrophil:lymphocyte ratio were log-transformed to normalize variances before the analysis. The GLM procedure (SAS Inst. Inc., Cary, NC) was used to test for differences in the pretransport blood measures. With the 6 transport events (replicate × transport duration) recognized as the experimental units, the model contained the fixed effects of transport duration and replicate, with their interaction as a random error term. The posttransport measurements including lying behavior were analyzed using repeated measures analysis, incorporating a first-order antedependence covariance structure for the residual error in the mixed model analysis (MIXED procedure) in SAS. The model contained the fixed effects of transport duration, replicate, and sampling time posttransport (time), the interactions of transport duration and replicate with time, and the pretransport measurement as a covariate. The terms transport duration × replicate, transport duration × replicate × time, and animal were included as random effects. Differences between means were examined using preplanned pair-wise contrasts (PDIFF option). Probability levels of P < 0.05 were defined as significant and those of 0.05 < P ≤ 0.1 were considered a tendency. Least squares means and SEM are presented, apart from the presentation of data in figures, where means that had been log-transformed before analysis were then back-transformed to make the data more biologically interpretable. In this case, the SEM are not presented because they are not able to be back-transformed.
RESULTS

BW and Blood Chemistry
Consolidated data and statistical effects relating to sheep BW and blood chemistry are presented in Table  1 . There were significant effects (P < 0.05) for transport duration × time posttransport for BW, BUN, and total plasma protein. There was a tendency for a transport duration × time interaction for β-hydroxybutyrate (P = 0.06) and urine SG (P = 0.07). Data for BUN and BW are presented in Figure 1 . Sheep transported for 30 and 48 h had decreased BW on arrival compared with sheep transported for 12 h (P < 0.001). There were no differences between the 12-and 30-h treatments in sheep BW at 24, 48, or 72 h after arrival. Blood urea nitrogen did not display a consistent pattern, with no differences at arrival but with sheep transported for 48 h having decreased concentrations at 24 h.
Data for urine SG and total plasma protein, indicative of animal hydration status, are presented in Figure  2 . Sheep transported for 30 and 48 h had a greater total plasma protein concentration on arrival than Fisher et al. sheep transported for 12 h (P < 0.05). Urine SG followed a similar pattern (P = 0.07). The consolidated hematological data and associated statistical effects are presented in Table 2 . There were no effects of journey duration or journey duration × time.
Behavior
Of the 16 focal animals per transport duration treatment fitted with the behavioral monitors, a total of 2, 5, and 11 animals were found to have spent some time lying (>1 min) during the 12 h (mean, 44.8 min; range, 25 to 64 min), 30 h (mean, 13.7 min; range, 2 to 39 min), and 48 h (mean, 33.3 min; range, 2 to 80 min) of transport, respectively. The results for the analysis of postarrival lying behavior are presented in Figure 3 . There were no differences from 0 to 18 h after arrival. From 16 to 24 h after arrival, sheep in the 12-h treatment group were lying longer (P < 0.05) than sheep in the other treatments.
DISCUSSION
The main findings of this study were that increasing the transport duration resulted in decreased BW and increased hemoconcentration at arrival, but these effects did not exceed clinically normal ranges for any transport duration, and that sheep generally recovered to pretransport values within 72 h after arrival.
Losses in animal BW have been a consistent finding in sheep transport studies for durations greater than a few hours (Knowles, 1998) . In the present study, the magnitude of the BW lost during transport was 4.9, 9.8, and 12.1% for the 12-, 30-and 48-h transport duration treatments, respectively. These findings are typical, although previous transport studies have not examined durations as long as 48 h. Studies by Broom et al. (1996) and Knowles et al. (1995 Knowles et al. ( , 1996 indicated that sheep lost 6 to 7% of BW when transported for 15 to 24 h. Untransported sheep deprived of feed and water for 72 h lost 9.9% of their BW (Cole, 1995) . In the present study, after 72 h of recovery, the sheep in the treatment groups had recovered to 91 to 96% of their pretransport BW. Much of this change in BW was likely to have been related to losses and recovery in gut fill (Cole, 1995) .
Although BW losses with transport may be of interest from an animal production standpoint, the associated effects on metabolic status and hydration are of more relevance to animal well-being. The transport of sheep for increasing durations beyond 12 h had no effect on plasma concentrations of the ketone β-hydroxybutyrate. The maximal mean concentrations of β-hydroxybutyrate recorded (0.39 mmol/L) were less than the accepted upper limit of the clinically normal range of 0.55 mmol/L for sheep (Kaneko et al., 1997) . This suggests that the sheep were not clinically compromised by the feed withdrawal periods used in the study. The results of other studies also suggest that sheep transported under good conditions are relatively resistant to the adverse effects of feed withdrawal (Knowles et al., 1995 (Knowles et al., , 1996 a-c Means within a column and treatment comparison without a common superscript are different (P < 0.05).
1 BUN = blood urea nitrogen; TP = total plasma protein; Alb = albumin; CK = creatine kinase; BHB = β-hydroxybutyrate; Cort = cortisol; Osmol = osmolality; Urine SG = urine specific gravity. Road transport duration in sheep recorded a mean maximal β-hydroxybutyrate concentration of 0.39 mmol/L in sheep transported for 24 h, and this value returned to basal concentrations within 24 h after arrival.
Plasma concentrations of urea nitrogen may also be used as an indicator of catabolism, with concentrations increasing because of protein breakdown. However, there was no consistent effect of transport on BUN concentrations in this study, suggesting that the transport-associated feed withdrawal periods did not result in significant protein catabolism.
Periods of water withdrawal in animals result in physiological concentration of urine in an attempt to conserve body water, together with a progressive hemo- concentration as body water is lost. As expected, transport resulted in increases in urine SG, although this effect was present for sheep transported for 30 and 48 h, but not for 12 h. Jacob et al. (2006) deprived lambs of feed and water for 48 h and reported that urine SG was approximately 1.036. This is similar to the urine SG values measured here after 12 h of transport (1.034) and is less than those found after 30 or 48 h of transport (1.060). The disparity here could be due to differences in environmental conditions or because transport induces a greater water conservation response.
The results for urine SG indicate that the sheep transported for the longer durations in this study were actively conserving water, but urine SG does not in itself indicate body hydration. Not all the indicators of hydration used in this study (osmolality, total plas- Figure 2 . Effect of transport duration (12, 30, or 48 h), sampling time (pretransport, arrival, and 24, 48 , and 72 h postarrival), and replicate (1 and 2) on urine specific gravity (SG; top panel) and total plasma protein (bottom panel) least squares means (±SEM). Means within a sampling time without a common letter (a, b) are significantly different (P < 0.05). ma protein, albumin, and hematocrit) were altered by transport, although total plasma protein was increased, with values for sheep transported for 30 and 48 h generally being greater than values for sheep transported for 12 h.
Mean total plasma protein values did not exceed the recognized upper normal clinical threshold of approximately 79 g/L (Kaneko et al., 1997) . The greatest mean value at arrival for plasma protein (73.6 g/L) was less than that recorded after 24 h of transport in 1 study a-c Means within a column and treatment without a common superscript are significantly different (P < 0.05). 1 RBC = red blood cell count; HCT = hematocrit; WBC = white blood cell count; NEU = neutrophil count; LYM = lymphocyte count; NEU:LYM = neutrophil:lymphocyte ratio; MONO = monocyte count; EOS = eosinophil count; BAS = basophil count.
2 Back-transformed means are shown in parentheses. (approximately 75.5 g/L; Knowles et al., 1998) but was greater than that recorded after 24 h of transport in another study (72.3 g/L; Knowles et al., 1994) . The serum osmolality values for the longer journeys in the present study were very similar to the 300 mOsmol/L after 24 h of transport reported by Knowles et al. (1994) . Parrott et al. (1996) found that untransported sheep with no access to water for 48 h maintained their blood osmolality at normal concentrations.
Apart from changes in hydration and BW, the effects on the sheep of 12, 30, or 48 h of transport were relatively small. There were no effects on plasma cortisol concentrations, which is not surprising given the durations of journey involved. It is generally accepted that psychological arousal and stress are most intense during loading and the early stages of a journey for farm animals (Cockram, 2007) . Where frequent cortisol measurements have been taken, sheep have shown an increase in plasma cortisol at the beginning of a journey (Cockram et al., 1996 (Cockram et al., , 1997 , with a decline to more basal values over a few hours (Broom et al., 1996; Cockram et al., 1997) . It is likely that any increase in plasma cortisol in sheep in the current study was fully resolved by the end of the 12-h journey, as the sheep adapted to the vehicle environment and the journey.
Increases in plasma cortisol in response to stressors in livestock can influence hematological changes, including an increase in neutrophil counts and a decrease in lymphocytes (Paull et al., 2008) . Although there were some increases in white blood cell counts on arrival, particularly in sheep transported for the shorter durations, there were no significant increases in the neutrophil:lymphocyte ratio. These findings support the concept that the physiological stress responses of the sheep attributable to the early phases of transport were resolved by the end of the journeys.
Although the stressors of handling and novelty may be resolved with increasing transport duration, the fatigue, metabolic compromise, and dehydration become increasing risks for livestock transported over long distances. As discussed, the metabolic and hydration status of the sheep transported in this study remained within tolerable limits. The muscle enzyme creatine kinase has been used as an indicator of muscle bruising and exertion during transport of livestock. Circulating concentrations of creatine kinase were elevated at arrival. However, the increase in creatine kinase was relatively small and was similar to the results of Parrott et al. (1998) , who transported sheep for 31 h with an intervening rest period.
Fatigue after transport can also be assessed through animal behavior after arrival. In this case, despite minimal lying during the journey, sheep transported for 30 and 48 h did not lie down more than sheep transported for 12 h during the first 6 h after arrival, when presumably the sheep were eating and drinking. Knowles et al. (1995) observed that after 24 h of transport, sheep displayed transient increases in feeding and drinking activity before resuming normal patterns of behavior within approximately 1 h. In the present study, sheep transported for the longer durations lay down less toward the end of the first 24 h after arrival. It is possible that the longer transport journeys shifted the phase of the normal diurnal lying pattern of the sheep.
In conclusion, increasing transport durations for sheep through 12, 30, and 48 h resulted in reduced BW and increased hemoconcentration at arrival, but these effects did not reach thresholds of unacceptable animal well-being. The findings of this study indicate that healthy adult sheep, transported under good conditions, can tolerate transport durations and associated feed and water withdrawal periods of up to 48 h, without undue compromise to their welfare. These findings should not be taken to imply that 48 h of transport is appropriate for all sheep and all journeys, and owners and transport operators ought to take due care that sheep transport is conducted in a manner that is appropriate for each situation.
